Gracheva et al., http ://www .jcb .org /cgi /content /full /jcb .201506099 /DC1 Figure S1 . Function of RING1B in H2A ubiquitylation during UV-triggered DNA repair. (A) Depletion of CUL4A has no impact on H2A ubiquitylation but reduces XPC ubiquitylation. (top) Whole-cell extracts of HEK293T cells treated with siRNA (control, CUL4A) were prepared at the stated time points after UV irradiation, subjected to Western blotting and probed with the indicated antibodies. (bottom) Chromatin association assays of UV irradiated HEK293T cells treated with siRNAs (control, CUL4A). De-cross-linked material of the respective time points was subjected to Western blotting and probed with the indicated antibodies. (B) Depletion of RNF168 has no impact on H2A ubiquitylation after UV irradiation at 10 J/m 2 . Chromatin association assays of UVirradiated HEK293T cells treated with siRNAs (control, RNF168). De-cross-linked material of the respective time points was subjected to Western blotting and probed with the indicated antibodies. (C) Verification of H2A-ubiquitin antibodies used in this study (H2A-K119-ubiquitin; Cell Signaling Technology). The antibody specifically recognizes monoubiquitylation of histone H2A at lysine 119. HEK293T cells were transfected with FLAG H2A, FLAG H2A-K13R-K15R, and FLAG H2A-K119R-K120R. Mononucleosomes were purified after sonification and purification with FLAG-M2-agarose beads. Purified material was subjected to Western blotting and blots were incubated with H2A-ubiquitin antibodies. The integrity of nucleosomes was visualized by Coomassie staining. (D) DDB2 and RING1B accumulate at sites of DNA damage. Time-lapse microscopy of a midnuclear section before (−20 s) directly after (0 s) and 60 and 180 s after DNA damage was inflicted in a spot by application of 1 mJ focused (1-µm) 405-nm laser microirradiation. The location of the microirradiation is highlighted with a red square. DDB2-GFP and RING1B-YFP were transfected into HeLa-Kyoto cells stably expressing Cherry-PCNA as a marker for DNA damage. Bar, 5 µm. (E) DDB2 and RING1B accumulate at sites of DNA damage inflicted by irradiation with a 405-nm laser. DDB2-GFP and RING1B-YFP were transfected into HeLa-Kyoto cells stably expressing Cherry-PCNA as a marker for DNA damage. Accumulation of PCNA (blue), DDB2 (red), and RING1B (green) was measured in at least 10 cells each and the mean accumulation is plotted together with the SD (shaded areas). The dotted line shows the baseline for accumulation at 1. (F) The maximum accumulation for each protein is represented as a barplot reflecting the mean and SD measured in the individual cells. (G) Depletion of RING1B does not affect cellular ubiquitylation events. Fractionation of protein extracts from control and RING1B knockdown HEK293T cells before or after UV irradiation. Fractions (whole-cell extract, cytoplasm, and nuclei) were subjected to Western blotting and probed with the indicated antibodies. (H) Depletion of RING1B does not interfere with ubiquitylation events at chromatin. Chromatin association assays of control and RING1B knockdown HEK293T cell lines after UV irradiation. De-cross-linked material of the respective time points was subjected to Western blotting and probed with ubiquitin antibody. (I) Epistatic relationship of mig-32 and spat-3. Wild-type nematodes (N2) or mig-32 mutants (DL74) were fed with either control or spat-3 RNAi-producing bacteria. The relative viability was analyzed after UV irradiation (200 J/m 2 ). Values are given as mean ± SEM (n = 2). Figure S2 . Functional analysis of RING1B and DDB2 in UV-triggered DNA repair. (A) RING1B binds DDB2. Immunoprecipitations from HEK293T cell lines stably expressing FLAG RING1B. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. Inputs correspond to 3%. (B) BMI-1 does not interact with DDB2 after UV irradiation. Endogenous immunoprecipitations with BMI-1 antibodies. Western blots of the precipitated material were incubated with the indicated antibodies. Inputs correspond to 3%. (C) BMI-1 and DDB2 compete for binding to RING1B. Endogenous immunoprecipitations with RING1B antibodies were performed after overexpressing BMI-1 HA or empty vector (control) and after UV irradiation. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. Inputs correspond to 3%. (D) Depletion of BMI-1 does not interfere with RING1B-DDB2 interaction. Endogenous immunoprecipitations with RING1B antibodies were performed after treating cells with siRNA (control, BMI-1) and after UV irradiation. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. Inputs correspond to 3%. (E) H2A-ubiquitin colocalizes with DDB2 in UV-exposed skin sections. Cryosections of UV-exposed skin were stained with H2A ubiquitin (green) and DDB2 (red) antibodies. Dotted line, stratum basale; *, stratum corneum; **, dermis. Bars: 20 µm; (inset) 10 µm. (F) Correlation of H2A ubiquitin and DDB2 by single-cell analysis. (G) RING1B colocalizes with DDB2 in UV-exposed skin sections. Cryosections of UV-exposed skin were stained with RING1B (green) and DDB2 (red) antibodies. Dotted line, stratum basale; *, stratum corneum; **, dermis. Bar: 20 µm; (inset) 10 µm. (H) Correlation of RING1B and DDB2 by single-cell analysis. All intensities are normalized to the DNA content of the corresponding nucleus for UV and non-UV conditions ( (C) Purification of DDB1-DDB2 protein complexes. After simultaneous overexpression of both proteins ( FLAG DDB1 and FLAG DDB2) in HEK293T cells, purifications were performed using FLAG-M2-agarose. Purified material was subjected to Western blotting and probed with the indicated antibodies and colloidal Coomassie staining. (D) GST pull-down with the purified DDB1-DDB2 complexes (S3C) using recombinant GST and GST-RING1B proteins. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. (E) Purity of proteins used for the in vitro experiments. Proteins were overexpressed in HEK293T cells by transfection of the following individual plasmids ( FLAG-STR EP CUL4B, FLAG DDB1, FLAG RING1B, FLAG ZRF1, FLAG ZRF1, HA RBX1, and HA CUL4A), purified to near homogeneity via the respective epitope tag and analyzed in a polyacrylamide gel with subsequent Coomassie staining. (F) Interaction partners of DDB2 based on in vitro pull-downs. GFP or GFP-DDB2 were immobilized on beads (left) and incubated with the indicated purified proteins. The precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies (right). Inputs correspond to 10%. (G) RING1B interacts directly with CUL4B, but not with DDB1, in vitro. GST or GST-RING1B was immobilized on beads (left) and incubated with the stated purified proteins. The precipitated material was subjected to Western blotting, and blots were incubated with the indicated antibodies (right panel). Inputs correspond to 10%. (H) CUL4B interacts with RING1B and RBX1 in vitro. FLAG-STR EP CUL4B was immobilized on beads and incubated with the indicated purified proteins. Empty beads were used as control. The precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (I) RBX1 interacts with CUL4A, but not RING1B, in vitro. HA RBX1 was immobilized on beads and incubated with the indicated purified proteins. Empty beads were used as control. The precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (J) RING1B and RBX1 compete for binding to CUL4B. FLAG-STR EP CUL4B immobilized on beads and empty beads (Control) were incubated with constant amounts of purified RBX1 and increasing amounts of RING1B. RING1B levels were doubled stepwise reaching an eightfold molar excess of RING1B over the other components (relative molarity RING1B: RBX1; lane 3, 1:1; lane 4, 2:1; lane 5, 4:1; lane 6, 8:1). Precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (K) RING1B and RBX1 compete for binding to CUL4B. GST and GST-RBX1 immobilized on beads were incubated with constant amounts of purified CUL4B and RBX1 and increasing amounts of RING1B. RING1B levels were doubled stepwise reaching an eightfold molar excess of RING1B over the other components (relative molarity RING1B: RBX1/CUL4B; lane 2, 1:1; lane 3, 2:1; lane 4, 4:1; lane 5, 8:1). Control beads were incubated with CUL4B and maximum amounts of RING1B. Precipitated material was subjected to Western blotting, and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (L) RING1B competes with RBX1 for binding to CUL4B. HA RBX1 was immobilized on beads and incubated with constant amounts of CUL4B and RBX1 and increasing amounts of RING1B (relative molarity RING1B: RBX1/CUL4B; lane 3, 5:1; lane 4 10:1). Control beads were incubated with CUL4B and the maximum amounts of RING1B (10×). The precipitated material was subjected to Western blotting, and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (M) HEK293T cells expressing increasing amounts of FLAG RING1B construct were UV irradiated. After immunoprecipitation with RBX1 antibodies, the precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 5%. (N) Purification scheme for the assembly of DDB1-DDB2-RING1B-CUL4B (UV-RING1B) complexes in vivo. The relevant proteins with FLAG or FLAG-STR EP tags were coexpressed in HEK293T cells (top). Cells were not irradiated with UV light. After sequential purifications with FLAG-M2-agarose and STR EP-Tactin beads, input, flow-through (Ft), and eluate fractions were subjected to Western blotting and probed with the indicated antibodies. given as mean ± SEM. Data were acquired from three independent experiments (at least 50 nuclei per sample). (B) The RING1B inhibitor PRT4165 reduces H2A ubiquitylation. MRC5 fibroblasts were treated with the indicated doses of PRT4165 for 30 min. Cell extracts were subjected to Western blotting and probed with H2A antibody. (C) PRT4165 reduces unscheduled DNA synthesis after UV irradiation. UDS determined by EdU incorporation in MRC5 fibroblasts after PRT4165 treatment (50 µM, 30 min). Data were acquired from three independent experiments (70-100 nuclei per sample). (D) Quantification of the ZRF1/XPC colocalization after PRT4165 treatment and UV irradiation through a micropore membrane. Values are given as mean ± SEM. Data were acquired from 3 independent experiments (at least 50 nuclei per sample). Significant differences are based on an unpaired two-tailed Student's t test, P < 0.01. (E) ZRF1 localizes to CPDs in UV exposed skin sections. Cryosections of UV exposed skin were stained with CPD (red) and ZRF1 (green) antibodies. Dotted line, stratum basale; *, stratum corneum; **, dermis. Control stainings of skin biopsy specimens without UV treatment were performed with the same antibodies. Bars: 20 µm; (inset) 10 µm. (F) Correlation of ZRF1 and CPDs by single-cell analysis.
. Functional analysis of RING1B and DDB2 in UV-triggered DNA repair. (A) RING1B binds DDB2. Immunoprecipitations from HEK293T cell lines stably expressing FLAG RING1B. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. Inputs correspond to 3%. (B) BMI-1 does not interact with DDB2 after UV irradiation. Endogenous immunoprecipitations with BMI-1 antibodies. Western blots of the precipitated material were incubated with the indicated antibodies. Inputs correspond to 3%. (C) BMI-1 and DDB2 compete for binding to RING1B. Endogenous immunoprecipitations with RING1B antibodies were performed after overexpressing BMI-1 HA or empty vector (control) and after UV irradiation. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. Inputs correspond to 3%. (D) Depletion of BMI-1 does not interfere with RING1B-DDB2 interaction. Endogenous immunoprecipitations with RING1B antibodies were performed after treating cells with siRNA (control, BMI-1) and after UV irradiation. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. Inputs correspond to 3%. (E) H2A-ubiquitin colocalizes with DDB2 in UV-exposed skin sections. Cryosections of UV-exposed skin were stained with H2A ubiquitin (green) and DDB2 (red) antibodies. Dotted line, stratum basale; *, stratum corneum; **, dermis. Bars: 20 µm; (inset) 10 µm. (F) Correlation of H2A ubiquitin and DDB2 by single-cell analysis. (G) RING1B colocalizes with DDB2 in UV-exposed skin sections. Cryosections of UV-exposed skin were stained with RING1B (green) and DDB2 (red) antibodies. Dotted line, stratum basale; *, stratum corneum; **, dermis. Bar: 20 µm; (inset) 10 µm. (H) Correlation of RING1B and DDB2 by single-cell analysis. All intensities are normalized to the DNA content of the corresponding nucleus for UV and non-UV conditions (Fig. S2 I) . At least 200 nuclei were analyzed in at least three sections. (I) Stainings of skin biopsies without UV treatment. Related to Fig. S2 (E and G). Cryosections of nonexposed skin were stained with the indicated antibodies. (J) Corresponding to Fig. 2 F. The relative BMI-1 abundance was calculated. Values are given as mean ± SEM (n = 3). (K) Chromatin association assays in control fibroblasts and XPE (DDB2) fibroblasts (GM02415) after UV irradiation. De-cross-linked material of the respective time points was subjected to Western blotting and probed with the indicated antibodies. H2A-ubiquitin levels were calculated. Values are given as mean ± SEM (n = 3). (C) Purification of DDB1-DDB2 protein complexes. After simultaneous overexpression of both proteins ( FLAG DDB1 and FLAG DDB2) in HEK293T cells, purifications were performed using FLAG-M2-agarose. Purified material was subjected to Western blotting and probed with the indicated antibodies and colloidal Coomassie staining. (D) GST pull-down with the purified DDB1-DDB2 complexes (S3C) using recombinant GST and GST-RING1B proteins. Precipitated material was subjected to Western blotting and probed with the indicated antibodies. (E) Purity of proteins used for the in vitro experiments. Proteins were overexpressed in HEK293T cells by transfection of the following individual plasmids ( FLAG-STR EP CUL4B, FLAG DDB1, FLAG RING1B, FLAG ZRF1, FLAG ZRF1, HA RBX1, and HA CUL4A), purified to near homogeneity via the respective epitope tag and analyzed in a polyacrylamide gel with subsequent Coomassie staining. (F) Interaction partners of DDB2 based on in vitro pull-downs. GFP or GFP-DDB2 were immobilized on beads (left) and incubated with the indicated purified proteins. The precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies (right). Inputs correspond to 10%. (G) RING1B interacts directly with CUL4B, but not with DDB1, in vitro. GST or GST-RING1B was immobilized on beads (left) and incubated with the stated purified proteins. The precipitated material was subjected to Western blotting, and blots were incubated with the indicated antibodies (right panel). Inputs correspond to 10%. (H) CUL4B interacts with RING1B and RBX1 in vitro. FLAG-STR EP CUL4B was immobilized on beads and incubated with the indicated purified proteins. Empty beads were used as control. The precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (I) RBX1 interacts with CUL4A, but not RING1B, in vitro. HA RBX1 was immobilized on beads and incubated with the indicated purified proteins. Empty beads were used as control. The precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (J) RING1B and RBX1 compete for binding to CUL4B. FLAG-STR EP CUL4B immobilized on beads and empty beads (Control) were incubated with constant amounts of purified RBX1 and increasing amounts of RING1B. RING1B levels were doubled stepwise reaching an eightfold molar excess of RING1B over the other components (relative molarity RING1B: RBX1; lane 3, 1:1; lane 4, 2:1; lane 5, 4:1; lane 6, 8:1). Precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (K) RING1B and RBX1 compete for binding to CUL4B. GST and GST-RBX1 immobilized on beads were incubated with constant amounts of purified CUL4B and RBX1 and increasing amounts of RING1B. RING1B levels were doubled stepwise reaching an eightfold molar excess of RING1B over the other components (relative molarity RING1B: RBX1/CUL4B; lane 2, 1:1; lane 3, 2:1; lane 4, 4:1; lane 5, 8:1). Control beads were incubated with CUL4B and maximum amounts of RING1B. Precipitated material was subjected to Western blotting, and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (L) RING1B competes with RBX1 for binding to CUL4B. HA RBX1 was immobilized on beads and incubated with constant amounts of CUL4B and RBX1 and increasing amounts of RING1B (relative molarity RING1B: RBX1/CUL4B; lane 3, 5:1; lane 4 10:1). Control beads were incubated with CUL4B and the maximum amounts of RING1B (10×). The precipitated material was subjected to Western blotting, and blots were incubated with the indicated antibodies. Inputs correspond to 10%. (M) HEK293T cells expressing increasing amounts of FLAG RING1B construct were UV irradiated. After immunoprecipitation with RBX1 antibodies, the precipitated material was subjected to Western blotting and blots were incubated with the indicated antibodies. Inputs correspond to 5%. (N) Purification scheme for the assembly of DDB1-DDB2-RING1B-CUL4B (UV-RING1B) complexes in vivo. The relevant proteins with FLAG or FLAG-STR EP tags were coexpressed in HEK293T cells (top). Cells were not irradiated with UV light. After sequential purifications with FLAG-M2-agarose and STR EP-Tactin beads, input, flow-through (Ft), and eluate fractions were subjected to Western blotting and probed with the indicated antibodies. given as mean ± SEM. Data were acquired from three independent experiments (at least 50 nuclei per sample). (B) The RING1B inhibitor PRT4165 reduces H2A ubiquitylation. MRC5 fibroblasts were treated with the indicated doses of PRT4165 for 30 min. Cell extracts were subjected to Western blotting and probed with H2A antibody. (C) PRT4165 reduces unscheduled DNA synthesis after UV irradiation. UDS determined by EdU incorporation in MRC5 fibroblasts after PRT4165 treatment (50 µM, 30 min). Data were acquired from three independent experiments (70-100 nuclei per sample). (D) Quantification of the ZRF1/XPC colocalization after PRT4165 treatment and UV irradiation through a micropore membrane. Values are given as mean ± SEM. Data were acquired from 3 independent experiments (at least 50 nuclei per sample). Significant differences are based on an unpaired two-tailed Student's t test, P < 0.01. (E) ZRF1 localizes to CPDs in UV exposed skin sections. Cryosections of UV exposed skin were stained with CPD (red) and ZRF1 (green) antibodies. Dotted line, stratum basale; *, stratum corneum; **, dermis. Control stainings of skin biopsy specimens without UV treatment were performed with the same antibodies. Bars: 20 µm; (inset) 10 µm. (F) Correlation of ZRF1 and CPDs by single-cell analysis. Figure S5 . Function of ZRF1 and RING1B in GG-NER. (A) Quantification of ZRF1/DDB2 colocalization in control and XPC patient fibroblasts after UV irradiation. Values are given as mean ± SEM. Data were acquired from three independent experiments (at least 40 nuclei per sample). Significant differences are based on an unpaired two-tailed Student's t test, P < 0.01. (B) ZRF1 depends on XPC to associate with chromatin after UV irradiation. Chromatin association assays of UV-irradiated HEK293T cells treated with siRNAs (control, XPC). De-cross-linked material of the respective time points was subjected to Western blotting and probed with the indicated antibodies. (C) Epistatic relationship of xpc-1 and dnj-11. Wild-type nematodes (N2) or xpc-1 mutants (RB885) were fed with either control or dnj-11 RNAi-producing bacteria. The relative viability was analyzed after UV irradiation (200 J/m 2 ). Values are given as mean ± SEM (n = 4). (D) Knockdown of dnj-11 and of spat-3 leads to an increased UV sensitivity in C. elegans. Gene knockdown was mediated via feeding of RNAi-producing bacteria. Late-L4 larval worms were irradiated with UV light at different doses and the relative viability was determined by comparing hatched versus dead embryos (unhatched eggs). Values are given as mean ± SEM (n = 4). (E) C. elegans knockout mutants for dnj-11 and spat-3 show only weak developmental arrest upon somatic UV irradiation. L1 larval worms were UV treated at different doses and imaged after 60 h, when control worms were fully fertile. Bar, 1 mm. (F) Dot blots of C. elegans developmental arrest assay. Worm developmental stages were sorted with a large particle sorter (BioSorter; Union Biometrica). During each run, ∼1,000 animals were scored according to their extinction and their time of flight (TOF). Clouds were assigned to different C. elegans developmental stages as indicated in the graph (R1, L4 stage /adults; R2, L3 stage; R3, L2 stage; R4, L1 stage). 
